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We describe the effect of concentration on the photoinduced flocculation and aggregation of a nonaqueous
dispersion of coreshell nanoparticles (diameter 50 nm), which consist of a tightly cross-linked core
composed of poly(butyl methacrylate-ethylene glycol dimethacrylate) and a lightly cross-linked shell of
poly(butyl methacrylateo-ethylene glycol dimethacrylatas-methacrylic acid). The particles could be dispersed

in cyclohexane after modification of the acid groups by ester formation with 2-bromo-1-phenyl-octadecan-
1-one. Photocleavage of these substituehts 810 nm) regenerated theCOOH groups and led to aggregation

of the destabilized particles. Since the rate of aggregation is relatively slow in this system, we were able to
study the process of particle aggregation kinetics by a combination of static and dynamic laser light scattering.
Our results indicate, for particle dispersions from 0.23 mg/mL to 0.93 mg/mL, that there are three stages in
the aggregation process. Initially, several particles come into contact to form small elongated clusters.
Subsequently, these clusters undergo further aggregation to form larger aggregates characterized by a fractal
dimension of around 2.3. This result indicates that aggregation in the second stage follows a reaction-limited
cluster-cluster aggregation mechanism. At very long times, the aggregate size appears to level off, consistent
with a reversible aggregation mechanism. We also found for the three different concentrations that the measured
average radius of gyratidiRy .pd lduring aggregation scaled with time with an exponent of about£1041.

Introduction tion-limited cluster-cluster aggregation (RLCA)*14 19 These
studies have focused on the two fundamental aspects of the
aggregation process: the structure of the aggregates and their
size evolution. Our understanding of the growth of these
ramified structures has benefited from the application of
concepts from modern statistical mechanics such as universality,
scaling, and fractal® The fractal dimension for aggregates

We recently described experiments on the photoinduced
aggregation of coreshell colloidal particles dispersed in
cyclohexane as the continuous meditfThese particles, with
a mean diameter (dry) of 50 nm, have a narrow size distribution
and can be dispersed in aliphatic hydrocarbon solvents. The
—CieHaz chains in the stabilizer are attached to the particle shell . i . )
by a-benzoyl ester groups. Upon irradiation with UV lighit ( {ﬁfe?:ssitzoetg;e s'\,/(l:awllan{;dfrfllgtzlfnshlp between their mas qnd
= 310 nm), this group fragments, leaving in its place a much Y : ) ) )
more polar—COOH group. Flocculation is driven by an absence ~ RLCA is observed when there is a barrier to aggregation and
of the stabilization by the long-chain esters and by the tendencyWhen the magnitude of this barrié is larger tharkT. Under
of the —COOH groups to dimerize. Since aggregation is very these con_dltlons, th_e sticking probablllty_per collisipny exp-
slow in cyclohexane, it provides adequate time to carry out (“E2KT), is appreciably smaller than unity. A large number of
dynamic (DLS) and static (SLS) laser light-scattering measure- coI_I|S|ons are required before two p_artlcles can stick together.
ments as the aggregation process proceeds. Light-scatteringf NiS process leads to aggregates with a more compact structure
measurements provide a direct method to evaluate the fractal(With dr in the range 2.62.5) than those formed by a diffusion-
dimensiond; of the aggregates, because both the molar mass!imited mechanism, b_ecause an approaching particle ha§ a hlgher
and the size of the resultant aggregates can be measured directighance to penetrate into the “fjords” of a cluster before it sticks
In addition, the asymptotic behavior of the scattered intensity t0 the clusteP:?>2%In addition, colliding clusters can interpen-

I(q) is given byl(q) ~ q~% when Raggregate™ q! > Roarticie etrate more if the sticking probability is close to zero. Ball et
whereq is the magnitude of the scattering vector. We obtained al** pointed out that in a real experiment, the polydispersity of
the same valudf ~ 2.3 from both of types of experiments_ the resultant clusters could result in a S“ghtly hlghel‘ value of

Particle aggregation has been studied both theoretically ~ C than that predicted theoretically. Weitz ef suggested that
and experimentalfy 13 over the past two decades. It is generally in the RLCA processR should increase exponentially with time
accepted that there exist two limiting regimes for aggregation, @SR~ exp(At), whereA is a constant, whose value depends on
diffusion-limited cluster-cluster aggregation (DLCA) and reac-  the system studied.

Almost all of the examples of cluster aggregation described

:Author to w?om correspondence should be addressed. in the literature result from studies carried out in aqueous
University of Toronto. ; ; ; ;

+ The University of Science & Technology of China. solu_tlon. In these experiments, aggregation was induced by
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poorer understanding of nonaqueous systems where electrostati€CHART 1

effects are much less important. One such system has been

described by Bezot et &°,who examined the aggregation of 0
soot particles taken from the oil of diesel truck engines. From 0 %O LA o

the fractal nature of the growing aggregates and the magnitude @‘\0 (CHy)5CHy 310 nm @)‘\0}1 + \]
of the fractal exponent (2.1% 0.1), they concluded that these (CH,),sCH,
soot particles grow by an RLCA process. The repulsive potential

in nonaqueous systems is steric in origin, In our systé, Values of My, app and [Ry apWere calculated in two ways. In
we use a photochemical reaction to decrease the magnitude othe Zimm method (eq 1), the ALV software fits the values

the steric barrier, and thereby induce flocculation in the system. R(q) vs ¢? to a line, and then calculates the interceptat
We describe how aggregation in this system depends on particle0 to obtainM,y, appand the slope to obtaifRy apdJ In the Berry

concentration. method (eq 2), it fits Kc/Rw(q))Y2 vs ¢? to a polynomial of
_ . order 4, and calculate8ly, app and Ry apdIfrom the intercept
Experimental Section and tangent at the intercept, respectively. In this research, the

Sample Preparation and Photoreaction.The photolabile ~ Size Of the aggregates grows from 40 nm to approximately 500
core-shell nanoparticles were prepared by a three-step proce-"M- To analy;e the data for this wide range of aggregate sizes,
dure, described in more detail in ref 2. The core is about 20 nm We used the Zimm methgtto calculatéRy apf BndMw apywhen
in diameter and consists of a copolymer of butyl methacrylate the rms radius of gyratiofRg,apd was less than 100 nm, and
(BMA) and ethylene glycol dimethacrylate (EGDMA, 4:3 mole  the Berry metho®® when Ry apj was larger than 100 nm. For
ratio). The 13.5 nm thick shell is a copolymer containing BMA ¢onditions in which(Rgapd]< 100 nm, both methods gave
(83 mol %), methacrylic acid (MAA, 10 mol %), hydroxyethyl ~ identical values oMuw,app and (Rg,apd] For larger objects, eq 1
methacrylate (HEMA, 3 mol %), and EGDMA (4 mol %). Half  ©ften led to negative values &w,app _ _
of the carboxylic acid groups were converted to 1-phenyl-1- FOr a fractal object formed by aggregation of colloidal
oxo-2-octadecy! ester chains to help disperse the particles inParticles, the scattered intensit{q) scales withq as1(q) ~
hydrocarbon solvents. In this experiment, dispersions at four q~% in the range oRaggregate™ 0" > Rparticle Whered is the
different concentrations (0.10, 0.23, 0.58, and 0.93 mg/mL) were fractal dimension Roaricie and Raggregareare the radii of the
prepared in cyclohexane and then filtered into the light-scattering Pfimary particles and the resultant aggregate, respectively.
cell through a 0.45m Millipore filter to remove dust. The ~ Whend™ < Ruaricie the light probes the internal structure of
aggregation of these particles was induced in-situ inside thethe prlm_ary_pa_rtlcles and the intensity profile reflects th(_e density
light-scattering cell by photoirradiation at 310 nm in a photo- distribution inside, whereas when* > Raggregatethe experiment
chemical reactor for 4 h. The samples were then transferred toS Sensitive to the overall size of the aggregates. _
the light-scattering instrument. The photoreattwas home- In dynamic light scattering (DLS), the cumulant analysis of
made, consisting of a box which holds eight 310 nm 15 W lamps the measured intensityntensity time correlation functlo_G(z)- _
(Gu Cun photoelectron factory, Shanghai, China) arranged in (&:1) in the self-beating mode provides an average line-width
two layers on the inside wall of the reactor. Individual samples (D, and Laplace inversion analysis provides the line-width
were suspended by a fine copper wire through the hole in the distribution G(I').3%%2 For a pure diffusive relaxatior; can
top of the reactor, and positioned at the level of the bottom D€ related to the translational diffusion coefficiénia I =
layer of lamps. The samples were irradiated directly in the Pyrex D97 in the limit of ¢ — 0 andq — 0% wherec is the
light-scattering cell (SUPERLCO 7.4 mL vial, Cat. No. 27150- concentration of scatterers. The hydrodynamic radRig.g)

U). can be calculated by the Stokeinstein equation

Lgser L|ght_ Scattenn_g_. nght-scattel_rlng_measurem_ents_ were D= kBT/(6m7Rh,ap r) 3)
carried out with a modified commercial light-scattering instru-
ment (ALV GmbH, Langen, Germany), equipped with a multi-  wherekg is the Boltzmann constarf, is the absolute temper-
digital time correlator (ALV-5000) and a solid-state laser ature, andy is the solvent viscosity. Therefor§(I') can be
(ADLAS DPY 425II, output power ca. 400 mW dt = 532 converted to a hydrodynamic radius distributf@R, ap): From
nm). The details of this instrument can be found elsewRere. each line width distributionG(I') or hydrodynamic radius
In static LLS, the angular dependence of the absolute excessdistribution f(Ry ap), We calculate an average line widtd'()
time-averaged scattered intensity, the Rayleigh r&jg(q), is defined asf,™ G(IT dI') or an average hydrodynamic radius
related to the weight-average molar mads, ¢pp, thez-average ((Rn apg) defined asfo™ f(Rn apg Rn.app dRn.app Characteristic of

root-mean-.squarg radius of gyratidm?g{,ap,?z_ 12 = [R.g,fapﬂ of the sample. The variation of the size distribution as a function
the scattering objects and the second virial coefficiéa} 0f of time can be better viewed by examining the relative width
the dispersion by of the distribution [(2/[T[3) of G(I')], whereus is defined as
Jo G(I)(T' — DR dr.
0n . +2ac (1) -
242
v Mw,app(l 5 Ry ) Results and Discussion
In this paper, we consider the influence of particle concentra-
Kc \vz2 1 12 tion on the photoinduced flocculation of sterically stabilized
R,.(6) - 1 5 T2AC ) core—shell particles dispersed in cyclohexane. The photochemi-
Y Mw,app(l 5 Ry app [0 ) cal reaction that leads to flocculation is depicted in Chart 1.

Ester cleavage replaces the nonpolagHzs ester groups with
whereK is a constant for a given dispersion, temperature and more polar carboxylic acid groups. Our most reliable information
laser, andq [= (4zn/A) sin(@/2)] is the scattering vector with  about the influence of the photochemical reaction on the
n, A, andd being the refractive index of solvent, the wavelength dimensions of individual particles comes from the most dilute
of the light in a vacuum, and the scattering angle, respectively. sample, at a concentration of 0.10 mg/mL. This sample,
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PBMA core-shell nanoparticles. UV lighti(= 310 nm) was used to
cleave the stabilizingi-benzoyl heptadecyl chains.

remarkably, does not undergo any detectable aggregation. The g }
particles when dry have a diameter of 50 nm. Dispersed in
cyclohexane, the particles swell. The diameter measured by DLS
is 95 nm. The swelling is largely confined to the lightly cross- 400 F
linked shell (dry thickness 13 nm), since the core of the particle &
is highly cross-linked. Cleavage of the ester groups leads to A"
deswelling of the shell. After irradiation, the hydrodynamic p¢” 200
diameter of the particle drops to 80 nm. It is important to note vV
that the Gg chains have a fully stretched length of only ca. 2
nm, whereas bottR, apfJand Ry apddecrease by about 7 nm.
This result can be understood by recognizing that removal of
the ester groups and their conversion irt6OOH groups will 1 : 1 . L . L . L
decrease the quality of the solvent for the polymer in this shell. 0 50 100 150 200
In other words, the photoreaction increases the magnitude of t, hr
the Flory-Huggins y parameter for the shell polymer in  Figure 2. Time dependence, for the three different particle concentra-
cyclohexane, accompanied by a deswelling of this shell. tions, of (a) the average number of particles per aggredéitaf/Mo),
In Figure 1 we plot the apparent values of the average hydro- and (b) the average hydrodynamic radius of the aggregRias{]
dynamic radiugR, apg-aind the average radius of gyratidRy apg-
of the particles in cyclohexane, before and after photoirradiation, weight-averaged molecular weight of the aggregates as a
as a function the concentration of the coghell nanoparticles.  function of time, as well as their radius of gyratidRy apd The
The values ofR, opfare essentially identical at 0.10 and 0.23 data in Figure 2 suggest that the growth of the aggregates occurs
mg/mL, whereas the values @R apflincrease with increasing  in two stages, an initial slow step to form dimers, trimers, and
particle concentration. These values are stable over short period®ther small aggregates, followed by a more rapid process that
of time, prior to the onset of flocculation. We find that both leads to aggregates containing up to 150 primary particles. There
values increase with concentration, before and just after UV is also a suggestion in the data that particle size levels off at
irradiation. Under these conditions, the ratio[B ap /Ry apg long times. This could occur only if aggregation were reversible
remains almost constant and close to the theoretical value ofand the dissociation step dominated as the aggregate size
0.78 predicted for uniform spheres. After irradiation, the particles increased.
at 0.23, 0.58, and 0.93 mg/mL flocculate to form aggregates In Figure 2b we examine the influence of concentration on
over time. The increase in aggregate size can be monitored bythe rate of growth of the hydrodynamic radius of the aggregates.
light scattering. When flocculation begins, it is likely driven ~Even for the highest particle concentration, there is little growth
by a combination of two effects. Contraction of the shell leads over the first 10 h after the photochemical step was complete.
to a stronger van der Waals attraction between particles. In We find that all the data exhibit an exponential dependence of
addition, deswelling of the shell reduces the repulsive interaction (RnapdJon aggregation time. The slow rate of the aggregation
due to osmotic and steric effects between the shells of adjacentProcess suggests that the aggregation is reaction controlled rather
particles. than diffusion limited. The curves in Figure 2b can be fitted to
Evolution of the Size and Structure of the Aggregatesin the expressions
Figure 2a we plot the measured values of the average number
of particles MwapdMo) as a function of time. One sees first  [R, 5, (Nm)= —1.26+ 32.4 exp(0.0118
that the time scale for the particle growth process ranges from for 0.23 mg/mL (4a)
50 h for the most concentrated dispersion to nearly 200 h for
the sample at 0.23 mg/mL. These times are much longer thanERh,apA:(nm) = —67.8+ 83.9 exp(0.0199
the 4 h needed for complete photoreacfibggregation is for 0.58 mg/mL (4b)
sufficiently slow that we could measure the angular dependence _
of the integrated (static) light-scattering intensity as a function Ry apd-(NM) = —12.9+ 146 exp(0.0233
of aggregation time. These are the data needed to calculate the for 0.93 mg/mL (4c)

0.23 mg/mL
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aggregates formed at three different primary particle concentrations.
20F
The negative intercepts point to problems with the fit at early
times. This result is consistent with an early stage component _ 15}
to the particle growth process that is not properly accommodated &
by a simple exponential growth expression. The time evolution 1‘1 ol
of [RyapdJalso supports the idea of two stages in the particle =
growth mechanism. In a leglog plot (see Supporting Informa-
tion), we find a long induction period, especially at low particle 0.5f
concentration, followed by a strong increase in the rate of
aggregate growth. If the late-stage data are fitted to a power 0.0t

law, the mean radius of gyration scales with time with an
exponent of 1.4t 0.1. This value is higher than predicted and
measured for the RLCA mechanisi?® but consistent with
results that we have reported previously for this system. ¢ 10

In Figure 3 we plot the increase iMwapp against the
corresponding increase in the average radius of gyraRggy.] 08F
These data also show two stages in the aggregation process,
with a crossover occurring @Ry apd1~ 120 nm. In the first
stage, all of the data fit the relationshifa,app ~ MRy apgd 02
On close inspection, it appears that there is a slightly higher
power-law exponent for the sample at the highest concentration,
but the major conclusion is that for all three concentrations, all 02F
of the data fall on a common line. This regime is characterized
by small aggregates, containing up to about 6 to 8 primary 00}
particles. From the magnitude of the power-law exponent, we . .
deduce that these small aggregates are elongated in shape rather 10? 10°
than compact. After the crossover, all the data collapse together h,app’
and the scaling exponent increases to 200.1, a valué  rigyre 4. Time dependence of the hydrodynamic radius distribution
characteristic of fractal aggregates formed through an RLCA (f(R, .,9) of the aggregates formed at primary particle concentrations
process. of (a) 0.23 mg/mL, (b) 0.58 mg/mL, and (c) 0.93 mg/mL.

Consistent with this idea is that the density of the aggregates
decreases with increasing size. The density of the aggregates is Eyolution of the Size Distribution. The particles we
calculated according tp = Muwap[(477/3)Rnapd3Nal, where  eyamine, prior to irradiation, have a very narrow size distribu-
Na is Avogadro’s number. In plots of log vs log (Rn.apg all tion. As aggregation proceeds, one expects the size distribution
the da_ta f|t.a common line with a slope efl._S + 0.1. T.h's, to broaden. There are two common measures of size distribution
result is typical of open aggregates whose void volume is filled that one can obtain from DLS experiments. From Laplace

with solvent. Further evidence for the fractal structure of these . : . . T
. . inversion, one can calculate the hydrodynamic radius distribution
large aggregates is provided by tedependence of the f(Rn,app from the line width distribution, and one can calculate
scattering intensity. At late stages of the aggregation, it is app ’ .
the second cumulamt/T'3 from a cumulant expansion of the

possible to carry out experiments in the rang&Ryfapd > q . - . . .
All the data (see Supporting Information) fit a power-law dynamic light-scattering signal. In Figure 4 we plot the change

dependence, with(q) ~ q23 for the low concentration (0.23 N hydrodynamic radius distributiof{Rnapy againstRyapp for
mg/mL) dispersion and(q) ~ q 24 for the two higher samples at different concentrations following photoirradiation
concentration dispersions (0.58 and 0.93 mg/mL). These valuesfor similar times. The plot at zero time shows that the original
are slightly higher than the power-law exponent obtained from particles after irradiation have a narrow size distribution, which
the 10gMy, app Vs 10g Ry apfplot. The magnitude of the scaling  is somewhat broader for the sample at the highest particle
exponents, however, is consistent with aggregates formed in aconcentration. In the initial stages of aggregation, the size
reaction-limited cluster aggregation process. distribution broadens, and the peak is shifted to a larger radius.

f(R, .pp)
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Figure 5. Time dependence of the relative widthuAT'[3) of the line-
width distribution G(I')) for the aggregates formed at three different Figure 6. Time dependence of the ratio of the apparent radius of

primary particle concentrations, wherg= (. G(I')(I' — T')? dl'and gyration to the apparent hydrodynamic radius for aggregates formed
o= fo> G(I') I drI. at three different primary particle concentrations.
Later stages of aggregation lead to larger aggregates, but with ° o o ®e 000

a much narrower size distribution. e o Y
This type of evolution of the size distribution is unusual. A’ @ ® @ @  stage! Q % siooen
more common observation in RLCA processes is that the cluster. .. o ° —> odP : —
size grows without limit, with the breadth of the distribution P ) o , *
increasing throughout the growth procé&Because this feature L [ 7]
of the growth process was unexpected, we describe it in detail.
Examples of the evolution of the distribution for 0.58 and 0.93
mg/mL are presented in Figure 4b,c. At all three concentrations
we see that there is a growth in the breadth of the distribution
corresponding to the early stage in particle growth in which
small, elongated aggregates are formed. At later times the
distribution narrows. At higher particle concentrations, the
process is faster. For the sample at 0.58 mg/mL, at 44 and 61
h pf aggregate growth, we ob§erve a plmpda! size d|§trlbutlon an intermediate time scale.
(Figure 4b). We also see a bimodal distribution in Figure 4c . .
for the sample after 33 h. These times are close to the crossover We summarize our |o!eas about the_ two stages .O].c the
in the particle growth mechanism. The peaks at smaRggps] aggfegatlor] process in Figure 7. In.the first syage, |nq|V|duaI
correspond to the small aggregates formed in the first stage Ofpartlcles stick together to form.a mixture of dl.mers, t”".‘ers’
cluster growth, whereas the peak at lar®y.pare likely due and (_)ther ?ma” clusters_, leading to a large increase in the
to the larger aggregates formed in the second stage. We ir]ferpolyd!spers!ty of cluster sizes present in the sample. This is the
from the bimodal distribution that the crossover between the polydlspers_lty one sees in Figure 5 for the samples aft.er the
first and second growth stages does not occur simuItaneouslyphomreacnon'_ In the seqond stage, clusgbuster aggregation
throughout the solution. Rather it occurs more gradually and becomes do”.“”a”t’ leading to the formation of Iqrge aggregates.
becomes more important once the small aggregates reach a'll'he aggregation of these sr_nall cIL_Jsters may act like an averaging
certain size. process, so that the polydispersity decreases.

In Figure 5, where we plat,/T3 vs time. Here too we see Another factor is also important. We have some independent
that the initia{l stages of aggregation led to the formation of evidence that the cluster aggregation in this system is reversible.

clusters with a broad size distribution, and that at later StageS’For_exampIe, we have found that if the system _is heated to 65
°C, it rapidly deaggregates back to primary particles. We defer

the larger aggregates had a much narrower size distribution.t ] that includ d ini f the clust
Despite the scatter in the data points, the trend is clear for all 0 a separate paper that includes a description ot the cluster
dissociation process. For the purposes of this paper, we use this

there dispersions. For the low concentration dispersion (0.23 It t  that f tati f the clust I
mg/mL), the width of the distribution grows over the first 100 result fo suggest that fragmentation of the clusters may piay a
ole in the experiments described here in limiting the size of

h after the photoreaction and then decreases with increasing{he aoareaates formed and in narrowing the size of the large
time. For the higher concentration dispersions (0.58 and 0.93 g9reg ; 9 g
aggregates that form at long times.

mg/mL), the growth in the size distribution takes less time, Yt )

around 30 h, and the subsequent decrease is also faster. These Kinetics of Cluster Growth. In Figure 2a we saw that cluster

results suggest that aggregation occurs in two stages with Verysme.mcreased exponentially Wlth time, both in the first stage

different properties. and in the secqnd stage of parﬂcle_g_rowth, Wheﬁee_presents
Another view of the change in the nature of the aggregates the apparent first-order rate coefficient at short times, land

size distribution is provided by the ratio of radius of gyration describes the rate at long times.

to hydrodynamic radiudRy apd[Rs apd)- AS One sees in Figure

6, the initial ratio is c?(])gge pt‘g thepé/?;lue (0.78) predicted for My apdMo = AgheXp i) + Ay exp ) 5)

uniform nondraining spheres. As the aggregation proceeds, this

ratio increases, suggesting that the shape of the resultant cluster$he later stage in particular exhibits growth kinetics reminiscent

in the first stage is elongated. In the second st&yg,t IR, apd] of that M ~ A expkt)) reported by Lin et at’ for the salt-

decreases, suggesting that at longer times, the aggregation oinduced RLCA aggregation of colloidal gold and silica. We also

Figure 7. Schematic representation of the two stages of aggregation
following UV irradiation.

these elongated small clusters leads to more compact sphere-
like structures. The rise and decay of this ratio occurs on a much
faster time scale for the sample at the highest particle concentra-
tion (0.93 mg/mL) than for the sample at 0.23 mg/mL. The
Ry, apd Ry apgIratio for the sample at 0.58 mg/mL evolves on
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10N . mI ensemble. Equation 6 relates the experimental second-order rate
, .
p constantk to the corresponding rate constaky for the
0_08'0 1;0 2;0 3;0 diffusion-controlled process arighemfor the reaction-controlled
process.
1_ 1 1
- =+ 6
0.04 0.050 + 0.004 K™ Kyr | Koo (6)
< cl Eq 6 takes the limiting value of complete diffusion contrbl (
x 0.02r = kqirr) if the reaction step is fast, and complete chemical control
0"2520'0:—01 - (k = keneny if the reaction step is slow.
- We can estimate the time necessary for the aggregation of
0.00F < two single particles in a diffusion-limited process. If Brownian
. flocculation is fast and diffusion controlled, as described by
0.0 0.5 1.0 Smoluchowski, and sedimentation is assumed to be negligible,
c, mg/ml the diffusion-controlled rate constant is given by

Figure 8. Concentration dependence of the apparent first-order rate
constank during the aggregation of particles following UV irradiation.

Kaitr = 87N, [Rh,ap@ (7)

whereN, is Avogadro’s number anD is the particle diffusion
coefficient. The two-particle association rate for two identical

TABLE 1: Number of Particles, Rate of Particle
Association, and Aggregation Rate Constant for the
Core—Shell Particles in Cyclohexane at Four Different

Concentrations particles is described by second-order kinetics

c(g/L) 0.10 0.23 0.58 0.93 _ _ 2

¢ x 1010 (mol/L) 59 14 34 55 de/dt = kg€ (8)

Np x 10724 (1/L) 36 82 21 33 _ _ _ _

—(dc/dt)g x 10° (mol L ts™Y) 1.3 6.8 43 110 wherec is the concentration of particles at timhe

Itg(a/ah) %-46 8-3832 %-%34 %-%193 The experiments reported here were carried out at particle
sh : : : concentrations of 0.10, 0.23, 0.58, and 0.93 mg/mL, corre-
ki (1/h) 0 0011  0.024 0.10 ; ; ’ gm-

sponding to 3.6x 10, 8.2 x 10%, 20.6 x 10", and 33.0x
2The mean time for two particles at each concentration to diffuse 10 particles L%, respectively. To make a connection with the
to form a contact pair. units used to describe diffusion-controlled chemical reactions,

S ) ) we can express these primary particle concentrations ag 5.9
see in Figure 2a that the rate of particle growth increases 10-10 14 x 1071, 34 x 1071, and 55 x 1071 moliL,

significantly with the increase in particle concentration. respectivelyt!
We examine these results in more detail in Figure 8. We plot  From the measured values Bfand (R, apd We calculate a
the particle concentration dependence of the rate coefficientsvalue ofkgis = 3.7 x 10° L mol~1 s~L. Thus the initial rate of
ksnandk;, calculated from slopes of the semilog plots in Figure the particle dimerization-(dc/dt)q] is estimated to be 1.%
2a. The lowerx-axis describes the particle concentration in 109 6.8 x 109 4.3 x 108 and 1.1x 107 mol L ! s 1,
g/mL. The top scale describes the number of primary particles and the primary particles will diffuse together to form binary
per unit volume. We calculate the number density of the primary contact pairs in 0.46, 0.20, 0.079, and 0.049 s, respectively.
particles according to equatidfy = ¢/[ pp(4/3)7 R apd3l, Where With the increase of concentration, the time necessary to form
c is the dispersion concentration apg the density of each  a contact pair decreases. These times are still orders of
particle, here, taken as the density of PBMA (1.05 g/mL) since magnitude smaller than those found in our experiments. Thus
the main component is PBMA. The results of calculation are we conclude that the aggregation process is reaction limited,
listed in Table 1. There are two interesting features of this plot. even at the highest concentrations that we examined.
First we see that both plots are linear. From a kinetic point of  Implications for Particle Aggregation in Motor Qil. Our
view, the system exhibits pseudo-first-order kinetics at each sponsors are interested in these experiments as a model for
fixed concentration of primary particles. One sees that these aggregation processes that occur in motor oil. In automobile
pseudo-first-order rate coefficients depend linearly on the engines, condensation products of incomplete fuel consumption
particle concentration, a result typical of second-order kinetics. |leads to sludge formation. In diesel engines, soot is a major
Both plots extrapolate close to the origin, and to values close contaminant. The experiments of Bezot et’ahow that diesel
to zero at the concentration (0.10 mg/mL) of our lowest particle soot forms fractal aggregates by an RLCA mechanism, and are
concentration. At this lowest concentration, no particle aggrega- characterized by a fractal exponent of 2.#5 0.1. Soot
tion can be observed by light scattering. aggregates form from primary particles that have been charac-
We have argued that the cluster growth that we observe isterized by electron microscopy. Their size ranges from 20 to
characteristic of a reaction-limited aggregation process. In this 40 nm and is not very sensitive to the source of the $bot.
section we compare the rates we measure to the rate predicated@ypical soot contains 97% carbon, with the balance of oxygen
for diffusion-controlled interaction of pairs of primary particles and sulfur*® Its chemical makeup resembles diamond-like
in the initial stage of aggregation. We develop our arguments carbon?* except that diamond-like carbons contain varying
in terms of the encounter-pair moéfet*®in which a two-particle amounts of hydrogen instead of oxygen and sulfur. The mixed
reaction in a condensed phase consists of two steps: (a) diffusioncarbon-bonding character of a given diamond-like carbon form
of the particles together to a fixed encounter radius to form an defines the carbon valence-electron density, which is directly
encounter pair, and (b) subsequent chemical reaction within thisrelated to the carbon density, and thus, the hardness of the carbon
encounter pair. The encounter pairs are assumed to be sufmaterial. Jao et & have used the plasmon energy obtained
ficiently long-lived that they can be treated as an equilibrium from low-loss EELS to measure the density of carbon valence
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electrons in a variety of diesel soot samples. These were foundwhich leads us to infer that aggregation is a reversible process.
to be similar in structure with hardness values estimated to rangeWe note that when a solution containing large aggregates is
from 830 to 1330 kg/mr sufficiently hard to scratch the metal heated to 65°C, the aggregates dissociate back to primary

components of a diesel engine. particles. This dissociation process will be the subject of a future

The model system that we describe here consists of polymerpublication?®
particles, with a dry diameter of 50 nm, consisting of a glassy, The cluster growth process is very slow in cyclohexane,
highly cross-linked core surrounded by a soft, solvent-swollen requiring more than 150 h at a concentration of 0.23 mg/mL.
shell. We explain the colloidal stability of our particles before The growth rate is faster at elevated particle concentration,
photo-irradiation in terms of a combination of two effects: occurring over 70 h at 0.58 mg/mL and 40 h at 0.93 mg/mL.
osmotic and entropic stabilization from the loops and chain ends Both the first stage and the second stage of the aggregation
protruding from the lightly cross-linked particle shell, coupled process follow overall first-order kinetics, with first-order rate
with a relatively weak van der Waals attraction between the coefficients that depend linearly on particle concentration. Thus
particles when the shell is strongly swollen by solvent. Fol- these rate coefficients behave like pseudo-first-order rate
lowing the photocleavage reaction, there is a decrease in theconstants in an overall second-order process. This type of
extent swelling of the shell, resulting in an increase in the van behavior seems too simple to describe a system involving the
der Waals attraction and a decrease in steric stabilization. Foraggregation of intermediates of different sizes. Another curious
this system in cyclohexane, aggregation occurs on a time scaleobservation is that the sample at the lowest particle concentra-
of tens of hours and is sensitive to the particle concentration. tion, 0.010 mg/mL, does not aggregate at all on the time scale
In other alkane solvents, such as octane and cyclohexane of these experiments.
hexadecane mixtures, which are much poorer solvents for the Cluster growth in this system depends on a delicate balance
lightly cross-linked shell polymer, flocculation is substantially of the attractive and repulsive forces between primary particles.
faster. Here precipitation can be observed on a time scale ofIn the initial dispersed state, the particle shell is strongly swollen
minutes to tens of minutes. by the cyclohexane solvent. The repulsive osmotic and steric

The question that strikes us in the context of our experiments forces dominate the van der Waals attraction between particles.
is why the aggregation of soot particles studied by Bezot et al. Following the photochemical reaction, the shell shrinks in
is so slow. These authors took soot samples from used dieseldimensions, although it is still swollen compared to the dry
oil which contained 4 wt % soot, diluted them in base oil particle dimensions. The repulsive forces decrease in magnitude
(viscosity 18 cP at 40C) to ca. 10° g/mL, and subjected the  and are accompanied by an increase in the attractive forces.
mixture © 1 h ultrasonic shearing. They followed aggregation The net interaction is attractive, and likely not so strong as to
by a combination of static and dynamic light scattering at 40 lead to irreversible bonding between adjacent particles within
°C over a period of 200 h, during which aggregates grew from an aggregate.
about 20 primary particles to more than 3000. We note that
their experiments were carried out at a particle concentration ~Acknowledgment. The financial support of the RGC of
10-fold lower than our experiments described above, and their HKSAR Earmarked Grant 1998/99 (CUHK 4209/99P, 2160122),
solvent was approximately 20-fold more viscous. Both factors the CAS Bai Ren Project, Ethyl Petroleum Additives, Inc., and
will slow the aggregation rate relative to the conditions we NSERC Canada is gratefully acknowledged.
employed.

If small soot aggregates present after the sonication step had Supporting Information Available: ~ Additional figures
bare surfaces, it would be difficult to explain reaction-limited Showing plots of log®Rg apd Vs log time, plots of log vs log
aggregation. The van der Waals attraction between pairs of densdl, and log(density) vs l0gR, apg-are provided. This material is
carbon particles is significantly stronger than that between available free of charge via the Internet at http://pubs.acs.org.
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